Migrating cells nucleate focal adhesions (FAs) at the cell front and disassemble them at the rear to allow cell translocation. FAs are made of a multiprotein complex, the adhesome, which connects integrins to stress fibers made of mixed-polarity actin filaments [1] [2] [3] [4] [5] . Myosin II-driven contraction of stress fibers generates tensile forces that promote adhesion growth [6] [7] [8] [9] . However, tension must be tightly controlled, because if released, FAs disassemble [3, [10] [11] [12] . Conversely, excess tension can cause abrupt cell detachment resulting in the loss of a major part of the adhesion [9, 12] . Thus, both adhesion growth and disassembly depend on tensile forces generated by stress fiber contraction, but how this contractility is regulated remains unclear. Here, we show that the actin-bundling protein fascin crosslinks the actin filaments into parallel bundles at the stress fibers' termini. Fascin prevents myosin II entry at this region and inhibits its activity in vitro. In fascin-depleted cells, polymerization of actin filaments at the stress fiber termini is slower, the actin cytoskeleton is reorganized into thicker stress fibers with a higher number of myosin II molecules, FAs are larger and less dynamic, and consequently, traction forces that cells exert on their substrate are larger. We also show that fascin dissociation from stress fibers is required to allow their severing by cofilin, leading to efficient disassembly of FAs.
Summary
Migrating cells nucleate focal adhesions (FAs) at the cell front and disassemble them at the rear to allow cell translocation. FAs are made of a multiprotein complex, the adhesome, which connects integrins to stress fibers made of mixed-polarity actin filaments [1] [2] [3] [4] [5] . Myosin II-driven contraction of stress fibers generates tensile forces that promote adhesion growth [6] [7] [8] [9] . However, tension must be tightly controlled, because if released, FAs disassemble [3, [10] [11] [12] . Conversely, excess tension can cause abrupt cell detachment resulting in the loss of a major part of the adhesion [9, 12] . Thus, both adhesion growth and disassembly depend on tensile forces generated by stress fiber contraction, but how this contractility is regulated remains unclear. Here, we show that the actin-bundling protein fascin crosslinks the actin filaments into parallel bundles at the stress fibers' termini. Fascin prevents myosin II entry at this region and inhibits its activity in vitro. In fascin-depleted cells, polymerization of actin filaments at the stress fiber termini is slower, the actin cytoskeleton is reorganized into thicker stress fibers with a higher number of myosin II molecules, FAs are larger and less dynamic, and consequently, traction forces that cells exert on their substrate are larger. We also show that fascin dissociation from stress fibers is required to allow their severing by cofilin, leading to efficient disassembly of FAs.
Results and Discussion

Fascin Depletion Causes the Formation of Thicker Stress Fibers
Fascin is an actin crosslinker that generates actin bundles made of parallel actin filaments [13] [14] [15] [16] . It plays a role in formation, maintenance, and stability of filopodia [17, 18] . Using two independent small interfering RNAs, we found that depletion of fascin not only reduced filopodia number but also caused general reorganization of the actin cytoskeleton. In two different cell lines, mouse NIH 3T3 fibroblasts and human HCT116 colon cancer cells (Figures 1A and 1B ; see also Figure S1 available online), we observed that fascin depletion causes formation of thick stress fibers. Both the total amount of F-actin in the cell and the amount of F-actin present in stress fibers were increased in fascin-depleted cells ( Figure 1C ). This is consistent with in vitro findings that fascin molecules can bundle no more than 20 filaments [19] . By restricting the diameter of actin bundles, fascin could indirectly limit the number of myosin II molecules recruited to the stress fiber. Although total amounts of myosin II and phosphorylated, active myosin II remained the same, they were highly enriched in stress fibers formed in fascin-depleted cells ( Figures 1C and S1 ).
To test whether fascin-depleted cells are more contractile, we cotransfected cells with mCherry-LifeAct to label all actin in the cell and photoactivatable GFP-actin (PA-GFP-actin) to mark actin at specific locations. We photoactivated GFP in the middle of the stress fiber and followed the dynamics of this region over time ( Figure 1D ). The marked actin region increased in size by w30% over a period of 30 min ( Figure 1E ). This increase probably reflects the sliding of actin filaments in opposite directions that could be driven by actomyosin contraction. Marked actin regions in the fascin-depleted cells increased in size by 50% ( Figures 1D and 1E) . Together, these results show that fascin depletion leads to reorganization of the actin cytoskeleton into thicker and possibly more contractile stress fibers.
Fascin Localizes in Focal Adhesions
Next, we investigated whether fascin is localized in stress fibers. Using total internal reflection fluorescence (TIRF) microscopy, we observed that endogenous fascin accumulates in paxillin-positive adhesions (Figure 2A ). Although there is no described function for fascin at focal adhesions (FAs), several proteomics studies have identified fascin as an adhesome protein [20] [21] [22] . In cells coexpressing GFP-fascin and different mCherry-tagged adhesion markers, we observed that fascin occupied an area broader than that occupied by paxillin, zyxin, and vinculin but shorter than that of a-actinin ( Figures 2B, S2A , and S2B). Thus, fascin localization is restricted to ends of stress fibers, whereas a-actinin extends further inward. Fascin localization in FAs was dependent on its actin-bundling activity ( Figures S2C-S2E ).
Fascin Depletion Decreases the Actin Polymerization Rate of Actin Filaments at Stress Fiber Termini
Because fascin exclusively bundles actin filaments of the same polarity [13, 14, 16] , its localization at the terminal segment of stress fibers anchored to the adhesion suggests that this part is made of a noncontractile, parallel actin bundle. To test this possibility, we photoactivated actin at the end of the stress fiber, in proximity to the FA. We observed that these marked regions did not stretch; instead, they translocated backward, while the total length of the stress fiber remained constant ( Figure 2C ). Retrograde movement of labeled actin suggests that there is active actin polymerization occurring at the adhesion sites. When cells were permeabilized in the presence of fluorescently labeled actin-containing buffer, actin was incorporated into the adhesions, demonstrating that actin is constantly polymerized at FAs ( Figure S2F ) as described previously [23] . The differing organization of actin bundles in the middle and the end of the stress fiber implies that actin filaments gradually switch their polarity, from parallel bundle, in which actin filaments face the FAs with their barbed ends, to mixed-polarity bundle in the middle of the stress fiber, as described in electron microscopy studies [4, 5] . In fascindepleted cells, GFP-actin-marked regions translocated backward with significantly slower rates ( Figure 2D ), suggesting that by organizing actin filaments into tight bundles, fascin could facilitate actin polymerization at the stress fiber termini.
Fascin Inhibits Myosin II Activity In Vitro
To investigate whether fascin bundles actin filaments in a way that affects myosin II activity, we performed an in vitro adenosine triphosphatase (ATPase) assay. ATP and heavy meromyosin (HMM), the part of the myosin II molecule that performs the motor activity responsible for stress fiber contractility, were added to fascin-actin bundles made in vitro. We observed that the ATPase rate decreased as fascin concentration increased, demonstrating that fascin inhibits myosin II activity ( Figure 2E ). In addition, we performed an in vitro motility assay in which fascin-actin bundles were applied to coverslips coated with HMM. The addition of saturating concentrations of ATP resulted in sliding of fascin-actin bundles along coverslips ( Figure 2F ). The average bundle speed in the motility buffer containing a low fascin concentration (50 nM, the minimum concentration necessary to maintain actin bundles) was 3.9 6 0.9 mm/s, and it decreased to 2.6 6 0.8 mm/s when 500 nM fascin was added ( Figure 2F ). These results show that fascin bundling of actin filaments inhibits myosin II activity in vitro, possibly by preventing it from binding to the actin filament or from walking to the next subunit.
Fascin-Depleted Cells Exhibit Higher Traction Stress
Increased stress fiber contractility found in fascin-depleted cells suggests that these cells exert higher tensile forces on their substrates. To test this, we performed time-lapse traction force microscopy. The traction force fluctuated over time for all analyzed cells ( Figure 2G ). However, while the strain energy applied by fascin-depleted cells was never less than 0.05 pJ (Figure 2H ), the average value of strain energies for the control cells was found to be below this value. Further analysis showed that fascin-depleted cells apply three times more strain energy during the 1 hr recording times and hence tension on the substrate ( Figure 2I ). For optimal cell migration, contractile force needs to be balanced [23] . To determine whether the higher forces generated in fascin-depleted cells have an effect on cell migration, we analyzed cell migration over 12 hr. We found that mean cell velocity on fibronectin substrates is decreased in fascin-depleted cells ( Figure S3A ).
Thus, without fascin, cells generate higher tensile forces and migrate more slowly.
Fascin Depletion Increases the Number and Size of FAs
Next, we examined whether fascin depletion affects the number and size of FAs. At steady state, the number of mature adhesions (defined as adhesions longer than 1.5 mm) was significantly higher in fascin-depleted cells ( Figures 3A, 3B, S3B , and S3C). Reexpression of fascin rescued the number of adhesions and their average size, demonstrating the specificity of the fascin knockdown phenotype. Fascin depletion had a similar effect on FA size in NIH 3T3 cells (Figures S3D-S3F) .
Already longer FAs in fascin-depleted cells grew even further if myosin II was indirectly activated by a microtubuledepolymerizing drug, nocodazole (Figures S3G-S3I) . Indeed, the intact microtubules sequester Rho guanine nucleotide exchange factor (RhoGEF) and release it upon depolymerization. Liberated Rho can activate myosin II, leading to increased contractility and FA growth [24] . In the control cells, nocodazole treatment caused formation of new adhesions and growth of the existing ones, as reported previously [25] . In contrast, microtubule depolymerization in fascin-depleted cells caused rapid reorganization of the actin cytoskeleton into stress fibers and more pronounced growth of FAs ( Figure S3 ). This growth of adhesions was abolished if cells were simultaneously treated with the myosin II inhibitor blebbistatin. It is therefore possible that fascin restricts the growth of FAs by limiting contractility of stress fibers.
Although FAs in fascin-depleted and control cells shared similar molecular composition, phosphorylated FAK and a-actinin accumulated in higher amounts at FAs in fascin-depleted cells ( Figure S4A ). Myosin II localizes to stress fibers several micrometers away from their ends and is mostly absent from FAs ( [9] ; Figure S4B ). However, in fascin-depleted cells, myosin II frequently entered the FA area. These observations show that stress fiber termini are organized differently in the absence of fascin.
FAs in Fascin-Depleted Cells Have Slower Turnover
For efficient cell migration, the turnover of FAs must be regulated. The increase in the number and size of FAs suggests that fascin is involved in FA turnover. To test this possibility, we followed the dynamics of GFP-paxillin over time ( Figure 3C ). In control slow-migrating cells, such as HCT116, the adhesions formed and disassembled within 60 min. In fascin-depleted cells, adhesions were significantly longer lived, persisting for more than 100 min. In a subset of fascin-depleted cells, adhesions continued to grow over 4 hr. Even in fast-migrating cells, such as B16F1, with intrinsically rapid FA turnover, fascin depletion had a similar effect, slowing down turnover from 8 to 20 min (data not shown).
To assess whether fascin affects FA assembly or disassembly rates, we measured the time required for the recruitment/increase of intensity and dissociation/decrease of intensity of GFP-paxillin to adhesions (Figures 3D and 3E) . In control cells, the relative intensity of the FAs after reaching the peak, which corresponds to 1.7 mm as an average length of FAs, remained only briefly at a plateau. This suggests that a mechanism serves as a switch from the assembly to disassembly phase, limiting the growth of FAs. Although both the assembly and disassembly phases were prolonged in fascindepleted cells, the slower turnover rate was mostly due to an extended plateau. In summary, in the absence of fascin, FAs exhibit different dynamics, suggesting that fascin could participate in the mechanism controlling the switch from assembly to disassembly phase.
To test this possibility, we synchronized FA disassembly using a microtubule-regrowth assay [26] . Cells were pretreated with nocodazole to depolymerize microtubules. Once the drug was washed out, microtubules regrew, leading to a disassembly of adhesions. Microtubule-dependent FA disassembly is characterized by rapid accumulation of clathrin at FAs followed by internalization of integrins [26] . After nocodazole washout, disassembly of FAs was almost complete in control cells, and clathrin accumulation was synchronized with paxillin disassociation (Figures 3F-3H ). On the contrary, a significant number of fascin-depleted cells still contained adhesions resistant to microtubule-induced regrowth, and clathrin accumulation to those paxillin-stable adhesions was negligible. Microtubules seem to promote FA disassembly by locally modulating contractility and delivering ''relaxing'' factors whose nature remains unclear [27] . Since fascin is involved in microtubule-dependent adhesion disassembly, it is possible that these relaxing factors are molecules that can regulate the actin-bundling activity of fascin.
Fascin Dissociation from FAs Facilitates Their Disassembly
In order to investigate how fascin affects FA disassembly, we followed fascin dynamics in FAs labeled with GFP-paxillin (Figure 4A) . Fascin was recruited to FAs after paxillin, and its dissociation from FAs preceded paxillin. This observation suggests that fascin needs to dissociate from FAs to allow their disassembly. Indeed, previous studies showed that cells expressing a constitutively bundling S39A fascin mutant have problems retracting the cell rear [28] , probably due to an inability to disassemble FAs. To test this hypothesis, we introduced mutant fascin displaying constitutive bundling activity (fascin S39A) into fascin-depleted cells. This fascin mutant localized into paxillin-labeled FAs ( Figure S2B ) but failed to rescue the fascin depletion phenotype (Figures 4B-4D ). FAs had slow turnover with long plateau and disassembly phases. Similarly, whereas the wild-type fascin restored microtubuledependent FA disassembly in fascin-depleted cells, the fascin S39A mutant failed ( Figure 4D ). Together, these results show that fascin inactivation, and thus disassociation from the FAs, is required for efficient disassembly.
Actin Bundling by Fascin Opposes Cofilin-Mediated Severing and FA Disassembly
To disassemble FAs, either generated contractile forces need to increase over the limit that a given FA can resist, or, if contractile forces are kept constant, the FA must be weakened. Destabilization of adhesions could be achieved by removing any of the links in the actin-adhesome-integrin-extracellular matrix complex. One way could be to cut a stress fiber, thus disconnecting the actin cytoskeleton from the adhesome complex. This would result in release of tension and consequently disassembly of FAs. The actin-severing protein cofilin accelerates FA disassembly by promoting severing and depolymerization of actin filaments in stress fibers [29] . Crosslinking of actin filaments into bundles protects them from severing induced by cofilin in vitro [30, 31] . Thus, we investigated whether fascin protects actin filaments from severing in stress fibers. Although depletion of cofilin had no significant effect on FA number, the reintroduction of the cofilin mutant S3A that is constitutively active in severing actin filaments resulted in round, poorly spread cells with small FAs (Figures 4E-4G ). However, when the cofilin mutant was introduced together with the fascin S39A mutant, FAs remained large and stable. This suggests that fascin dissociation from actin filaments needs to precede actin filament severing by cofilin. Presumably, the severing of actin filaments would further result in weakening of the link between adhesome proteins and the remaining part of the stress fiber, leading to FA disassembly.
In summary, we propose the following model for fascin's role in the regulation of FA fate in migrating cells. Fascin crosslinks a restricted number of newly polymerized actin filaments into tight noncontractile bundles at the stress fiber termini, thus limiting the thickness of the stress fiber and protecting them from severing by cofilin. By facilitating actin polymerization and restricting myosin II accumulation and activity, fascin could limit tensile forces that cells exert on the substrate and restrict growth of FAs. Once inactivated, fascin dissociates from actin bundles, which allows their severing by cofilin. Decreased actomyosin contractility leads to disassembly of FAs. Thus, by facilitating FA turnover, fascin may positively regulate cell migration. Fascin's role in FA turnover and in formation of filopodia and invadopodia could explain its expression in aggressive carcinomas of different origins and its necessity in cancer cell invasion and metastasis formation [32] [33] [34] [35] . In the absence of fascin, the number of actin filaments per stress fiber is not limited, and stress fibers become thicker and more contractile. As a result, the higher tensile forces are transmitted to FAs, further stimulating their growth. Once tensile forces exceed the FA's strength, they disassemble.
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